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ABSTRACT 

gas wxod A L I ~ I ~ V ~  

, The ignition temperatures of a number of powdered metals have been a r . s m a u r e o  

in air, in a simulated Venus atmosphere (consisting, by volume, of 4.10% argon, 

9.17% nitrogen, and the remainder carbon dioxide) and in a simulated Mars atmo- 

sphere (consisting, by volume, of 2.16% argon, 11.21% carbon dioxide, and the 

remainder nitrogen). This study was conducted to show that the atmospheres of the 

planets Mars and Venus could be utilized as chemical energy sources. 

Typical ignition temperatures of the following powdered metals were observed 

in the simulated M a r s  atmosphere: lithium, 405' C; beryllium, 762'C; calcium, 

163'C; boron, 1203'C; cerium, 199'C; titanium, 916°C; zirconium, 614'C; thorium, 

587'C; and uranium, 168'C. In the simulated Venus atmosphere, the following typical 

ignition temperatures were noted: lithium, 367" C; beryllium, earth ambient temper- 

atures; magnesium, 676'C; calcium, 269' C; boron, 1000' C; aluminum, 705' C; 

' cerium, 147'C; titanium, 708'C; zirconium, 152'C; thorium, 627'C; and ura&um, 

134'C. 

a i r  than in the Venus atmosphere, and more readily in the Venus atmosphere than in 

the Mars atmosphere. 

It was found that, generally, the powdered metals ignited'more readily in  

This paper presents the results of one phase of research carried out at the Je t  Pro- 

pulsion Laboratory, California Institute of Techn'ology, under Contract No. 

NAS 7- 100, sponsored by the National Aeronautics and Space Administration. 
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These ignition temperatures were compared to those' in atmospheres of pure 

The performance of these propellants was dis- nitrogen and pure 'carbon dioxide. 

cussed, and it was concluded that boron and beryllium a r e  the preferred fuels. 

I .  Introduction ' 

As part  of a program to utilize the atmospheres of the planets a s  a source of 

chemical energy, various powdered metals were ignited in the simulated atmospheres 

of Mars and Venus, and, for comparison, ignited in air a s  well. The ignition tem- 

peratures were measured by placing a thermocouple, either chromel-alumel o r  

I 

platinum-platinum + 10% rhodium, into the mass of the powdered metal and impressing 

its output on a strip-chart recorder. The ignition temperature was easily seen a s  a 

discontinuous (i.e., very rapid) temperature increase as a function of time. In addi- 

tion, the maSmum combustion temperature was measured. The platinum-platinum 

+lo% rlpdium thermocouple was used when temperatures encountered were above the 

.. 

range of the chromel- alumel thermocouple. 

The compositions, by volume, of the planetary atmospheres a r e  currently 

considered to be: Venus, 5% argon, 10% nitrogen, and 85% carbon dioxide; Mars, 

. 2% argon, 87% nitrogen, and 11% carbon dioxide. The gas mixtures used in these 

experiments were supplied by the Matheson Co., Inc., Antioch, Calif., with the fol- 

lowing analyses: Venus atmosphere, 4.10% argon, 9.17% nitrogen, and the remainder 

carbon dioxide; Mars atmosphere, 2.16% argon, 11.21% carbon dioxide,' and the 

remainder nitrogen. 
. .  

This work is an extension of previ0u.s work (Ref. 1) which described the igni- 

tion and combustion, in nitrogen and in carbon dioxide, of the same powdered metals 

used here. 

thermocouple (0.010-in. -diameter wire) into the powdered metal, which filled a 
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The ignition temperature in air was found by placing a chromel-alumel 

Coors crucible (size 000000). This crucible was set into a larger Coors crucible 
. .  
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(size 00) 

. .  
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and was then heated by a torch. For studies in the Venusian and Martian 

atmospheres, the experiments were conducted in the apparatus shown in  Fig. 1. .The 

gas flow rate in each case was 100 ml/min. 

torch-heated very carefully in order to avoid hot spots. 

to the ignition temperature and then removed. Several runs were made for each case 

of a particular powdered metal being heated in a particular atmosphere. Figures 2 

The apparatus shown in'Fig. 1 was 

The heating was applied up 

and 3, which a r e  representative, a r e  displayed as thermocouple output vs time, and 

the ignition and maximum combustion temperatures a r e  indicated. Figure 2 repre- 

sents-powdered calcium heated in a simulated Mars atmosphere; Fig. 3 represents 

powdered boron heated in-a simulated Mars atmosphere. 

vary the degree of metal subdivision h e r e ,  but the ignition temperature may well vary 

There was no attempt to 

with the degree of subdivision (Ref. 2). 
. *  

2. Experimental Results 

A. Lithium 

Powdered lithium (less than 100-)r particle size, Lot NO 401-03, supplied by 

Foote-Mineral Co., New Johnsonville, Tenn.) ignited in all three atmospheres. In 

each case, the lithium melted first ,  and the combustion appeared to be in the vapor 

phase. In the Venus atmosphere, the ignition temperatures were 367, 414, and 310°C. 

' . In air, the combustion was  irregular, with combustion intensity bursts super- 

imposed on a steadily increasing combustion intensity.' The ignition temperatures 

measured were  355 and 393'G. 

' 

In the simulated Mars atmosphere, the combustion definitely appeared to be in 

the vapor phase. The measured ignition temperatures were 433. 405, and 386°C. 

B. Beryllium . 

The material used was a finely divided beryllium powder (less than 0. 1-F par- 

ticle size,. supplied by National Research Corp., Cambridge, Mass.). In all cases 

r 
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the combustion was very vigorous. 

and also in a i r  at room temperature. 

The beryllium ignited in the Venus atmosphere, 

- 1  In the Mars atmosphere, measured ignition temperatures were 553, 762, and 

766°C. Once ignition occurred, the combustion was quite intense in all cases. 

C .  Magnesiqm 
1 
I Magnqsium powder (-325 mesh, rated 99.9% pure, supplied by Reade Mfg. Co., 

Inc., Los Angeles, Calif.) ignited in the Venus atmosphere at 641 and 676°C. 

combustion was rather sluggish in both cases. 

measured were 582 and 544'C. 

very vigorous; rather i t  was quite sluggish. 

the Mars atmosphere. 

The 

In air, the ignition temperatures 

The combustion of magnesium powder in a i r  was not 

The magnesium powder did not ignite in 

D.. Calcium 

Calcium powder (-325 mesh size, 99.9% pure, supplied by the Research 

Chemical Division of the Nuclear Corporation of America, Phoenix, Ariz. ) ignited 

and burned vigorously in every case. In the Venus atmosphere, the ignition temper- 

atures were 243 and 269"X. In a i r ,  the ignitio,n tgmperatlres were 222 and 236°C. 

followed by ,we r y vi g6 rous combustion. 
/ 

.' 
In the Mars atmosphere, the measured ignition temperatures were 192 and 

163°C. The comb,ustion was reasonably vigorous, but not-so vigorous a s  in air or the 

Venus atmosphere. 

E. Boron 

Ultrafine boron powder (particle size less  than 0. 1-p, 99% pure, Lot No. 

2782-23-2, supplied by the Callery Chemical Company, Callery, Penn.) ignited in . 

the Venus atmosphere at  858 and 1OOO'C.  The combustion was reasonably vigorous. 

- .  . .  
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- In a i r ,  the measured ignition temperatures were 203 and 215°C. 

not seem to be very vigorous. 

The combustion did 

In the Mars atmosphere, the measured ignition temperatures were 1172, 1203, 

and 1231'C. 

F. Aluminum .: 

Ultrafine aluminum powder (not oxide-stabilized, 0.02-p particle size, Order 

No. BH5- 2443-6, supplied by the National Research Corporation, Cambridge, Mass .) 

generally did not burn particularly vigorously, and did not burn in the M a r s  atmo- 

sphere at all. In one experiment in the Venus atmosphere, the ignition temperature 

I 
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was 705'C; the combustion was sluggish for a while, but terminated i n  a final flare-up. 

In another experiment, the ignition temperature was 671 C. but the combustion was 

never vigorous. 

In air, the combustion was not at  all vigorous. In one experiment, an ignition 

occurred at 466"C, and that combustion was rather sluggish. Heat was again applied, 

and another ignition occurred at 842'C. In another experiment, a weak ignition occur- 

.- - .  red at 610'C. 

In the Mars atmosphere, no ignition occurred up to 1189OC. 

G. Cer ium.  

Cerium powder (-325 mesh size, Order No. BH4-288601, supplied by 

VARLACOID Chemical Company, New York, N. Y.) burned vigorously in every case. 

In the Venus atmosphere, ignition temperatures were recorded at 93, 147, and 212°C. 

In all cases, the combustion was very vigorous. In a i r ,  the ignition temperatures 

'were measured at  115 and 108'C. 

In the Mars atmosphere, the ignition temperatures were 197 and 199.C. The I 

combustion was very vigorous. 
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. H. Titanium 

Powdered titanium (1-5-p particle size, supplied by the A. D. Mackay Company, ' 

New York, N.Y.) ignited in all cases, In the Venus atmosphere, the ignition temper- 

ature was 708°C; and the combustion was vigorous and continued for about 1 min. 

underwent a final burst, which terminated the combustion. Other experiments indi- 

cated ignition temperatures at 683 and 787'C. 

It 

1 :  
~ 

In air, the ignition temperature was measured as  648 and 602'C. In the Mars 

I atmosphere, the ignition temperature was measured at  830, 916, and 1007°C. The 

combustion was vigorous, albeit declining, and lasted perhaps 1 min, a t  which time 

the temperature dropped along a usual'cooling curve a s  a function of time. 

I 

I 

I 

I 1. Zirconium 

Zirconium powder (3-)r average particle size, 120-A grade, Lot No. 103-2, 
. 

~ 
94-95% pure, oxide impurity, Order No. BH4-288629, supplied by Charles Hardy, Inc,  

New York, N.Y.) ignited and burned vigorously in all cases,  more so than did titan- 

ium.  In the Venus atmosphere, the ignition temperatures were 156, 139, and 152°C. 

The combustion was very vigorous, and required perhaps 15 see to reach its peak 

temperature. 

I 

In air, zirconium powder burned very intensely. The other experiments indi- 

cated that the ignition temperatures were 193, 197, and 240'C. In the Mars atmo- 

sphere, the experimental results indicated that the ignition temperatures were 578 , 

614, and 628.C. 

J. Thorium 

Powdered thorium (100% 200 mesh, 8570 325 mesh, Batch No. LW0521, sup- 

plied by the Rare Earth Division of the American Potash and Chemical Corporation, 

Los Angeles, Calif.) burned vigorously in  every case. In the Venus atmosphere, the 

ignition temperatures were 627, 544, 552, and 685'C, and there was a fairly long 
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combustion interval. 

. were 445 and 466°C. 

The combustion was very intense; the ignition temperatures 

In the Mars atmosphere, the combustion was rapid and intense. In the ignition 

experiments, the temperature w a s  measured as 617, 574, and 587"C, with vigorous 

combustion in  all three cases. 
. ?  

K. Uraniutn 
- .  

Uranium-238 (depleted uranium, 200 mesh, coated with 2% viton, supplied by 

the Great Southern Manufacturing and Sales Company, Los Angeles, Calif.) burned in 

the various atmospheres, although sluggishly, pre.sumably because of the viton coating. 

In the Venus atmosphere the ignition temperature was measured a t  132 and 134'C; 

combustion was generally sluggish and irregular. 
, 

In air, the ignition temperatures were 157 and 133'C, and the combustion was 

reasonably intense. In the Mars atmosphere, ignition was strong, but combustion 

was sluggish. The ignition temperatures were 152 and 168°C. 

3. Discussion 

The present study of the ignition of powdered metals in mixtures of nitrogen 

and carbon dioxide, simulating the atmospheres of Mars and Venus, is compared i n  

Table 1 with other studies of the ignition of the powdered metals in pure nitrogen and 

pure carbon dioxide. 

Since the experimental conditions in the works by other authors a r e  different 

from these employed by this writer in this work and in the study described in Ref. 1, 

some discrepancies in results may be expectecl. 

This work indicated that ignition did occur with the powdered metals in the 

simulated planetary atmospheres, as  well as their individual constituents. 

there was  no attempt made here  to delve into the theoretical o r  mechanistic aspects of 

Although 

i .  
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metals burning, there a r e  some excellent papers available (Ref. 2)  regarding 

mechanistic studies of metals burning; one study, on the combustion of single alumi- 

num particles (Ref. lo ) ,  presents an experimental approach to the understanding of 

metals combustion. 

Since a number of the powdered metals did burn in the simulated atmosphere 

of Mars and Venus, they could be considered as* chemical energy sources. 

ical  energy obtainable per  unit mass  of metal, when burned in nitrogen and in carbon 

dioxide, is shown in Fig. 4. Included for comparison is the energy obtainable from 

The chern- 

the reaction of various fuel-oxidizer combinations per unit mass of a stoichiometric 

mixture of fuel and oxidizer. This data is tabulated in Fig. 4 under the heading 

"Inert Atmosphere". It is seen that boron o r  beryllium, burning in a nitrogen atmo- 

sphere, produces considerable heat, somewhat more so than the most space- storable 

fuel-oxidizer combinations, except for the systems Li+OFZ and Be+OF2. The boron 

produces somewhat more heat, in a nitrogen atmosphere, but the beryllium was more 

easily ignited. Weber and Mueller (Ref. 11) discussed ramjet and rocket applications 

of boron and beryllium in  a nitrogen atmosphere. In a carbon dioxide atmosphere, 

Be, Li, B, and Al (and the boranes BzH6 and B5H9, which would probably burn in 

carbon dioxide) produce more energy per gram than any of the fuel-oxidizer combina- 
r _  

tions listed. 

4. Conclusion 

It is seen that there a r e  a number of powdered metals which can burn in the 

simulated atmospheres of Venus and Mars. In many cases, the  powdered metals 

burned about as readily in the simulated Venus atmosphere as  in a i r ,  and most of the 

metal powders burned in the simulated Mars atmosphere. In order to take advantage 

of the atmosphere of M a r s  or  Venus as a chemical energy source, more studies of 

powdered metal burning a r e  required, and prototype burners must be developed. 
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FIGURE CAPTIONS 

1. Ignition apparatus 

2. 

3. 

4. 

Ultrafine beryllium heated i n  a simulated Venus atmosphere 

Ultrafine boron heated in a simulated Mars atmosphere 

Energy obtainable from the combustion of powdered metals in nitrogen and in 

carbon dioxide, per unit mass of metal, and energy obtainable from the reaction 

of various €uel/oxidizer combinations ,. per unit mass  of stoichiometric mixture, 

in  an inert atmosphere - 
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I 

Zr 

Th 
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*This study . 

N2 
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No ignition to IO71 
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No ignition to 1080 
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Venus atmosphere 
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